Abstract -
also feature low emissions [24, 25, 26] .
The proliferation of DC-ended sources like PV, batteries, supercapacitors and FCs has made it possible to conceive DC distribution systems or DC microgrids which are main tools for energy sources integration. As the various types of sources have different characteristics, it is important to make sure that each source comes into operation only when ambient conditions (wind, radiation…) are favourable. In this respect, it is well known that FCs does not well bear sudden current variations (current derivative is limited). This is coped with by including bidirectional energy modules (e.g. batteries, supercapacitors) in DERs. Doing so, sudden current variations are supported by the rapid sources. The repartition of the global current generation effort on the different sources of a DER is managed by the main supervisory control (MSC) (Fig. 1) . Specifically, when a sudden current demand is detected in the DC bus, the MSC acts on one (or more) rapid source converter changing its direction to discharging mode so that is provides the extra current.
It turns out that, in DERs, different power converters (between sources and DC bus) are involved. In this paper, the focus is made on the integration of fuel cell, through interleaved boost converter (IBC), into a DC microgrid (Fig.1) . The IBC topology consists of a number of paralleled boost converters controlled by means of interleaving control techniques in contrast to the conventional high power boost converter [33] . The aim is to control the FC-IBC association so that the integration to the microgrid is accomplished complying with interconnection conventions. In particular, the DC link voltage must be tightly regulated.
IBCs offer many benefits making them particularly suitable in different renewable energy applications, e.g. battery chargers and maximum power point tracking (MPPT) in PV conversion. Indeed, they offer good efficiency and voltage/current ripples reduction [20, 31] .
In this respect, recall that FCs are vulnerable to current ripples making inappropriate the association with more basic converters, particularly boost converters which are known to inject current ripples [32] . Using interleaving techniques, the ripples of corresponding inductor currents and capacitor voltage are diminished, making possible size reduction of inductors and capacitor [27, 6] . Moreover, the power losses in IBCs are reduced (compared to basic boost converters) because the switching frequency can be made smaller by increasing the number of branches. Energetic efficiency can also be improved by considering variants of the IBC topology, e.g. soft switching and resonant techniques, or coupled inductors [27] .
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A c c e p t e d M a n u s c r i p t 4 On the other hand, the research in the fuel cell field has gained more importance and industry applications range from low power (50W) to high power (more than 250kW) [15] . In order to obtain efficient fuel cell systems, the DC/DC converter should be properly designed [3, 12, 14] ).
The above mentioned benefits makes IBCs good candidate for interfacing fuel cell and DC buses [10, 19] . The control of IBC topology has been dealt with using conventional linear control techniques [2, 11, 23, 26, 29] . The point is that, both the IBC converter and the fuel cell exhibit highly nonlinear behavior making linear controllers only effective within around specific operation points. In this paper, the problem of controlling fuel cell IBC systems is dealt with based on a more accurate model that really accounts for the system nonlinearities.
Doing so, the model turns out to be well representative of both the boost converter largesignal dynamic behavior and the fuel-cell nonlinear characteristics. A nonlinear adaptive controller is designed, using the sliding mode control (SMC) technique, to achieve three objectives: (i) asymptotic stability of the closed loop system; (ii) tight output DC link voltage regulation, despite bus impedance uncertainties; (iii) and equal current sharing between modules. Accordingly, the controller involves online estimation of the DC bus impedance 'seen' by the converter. It is formally shown, using theoretical analysis and simulations, that the developed adaptive controller actually meets its control objectives.
The paper is organized as follows. In Section 2, the IBC for fuel cell applications are described and modeled. Section 3 is devoted to the controller design and closed-loop theoretical analysis. The controller tracking performances are illustrated through numerical simulations in Section 4. Section 5 provides the conclusion of the paper. 
General norms and system modeling

Fuel cell V-I static characteristic
The static V-I polarization curve for a single-cell fuel cell is shown in Fig. 3 , where the drop of the fuel cell voltage with load current density can be observed. This voltage reduction is caused by three major losses [13] : activation losses, ohmic losses, and transport losses. The Table 1 . Figure 4 shows that the polynomial approximation fits perfectly the real V-I curve. Thus, the approximated function (1) will be used for the control design, which will be addressed in section 3. 
Interleaved boost converter modeling
The aim of this subsection is to obtain a large-signal model of the IBC topology taking into account their nonlinearities, which will be useful for the control design procedure. From Fig.   2 one can obtain the power stage bilinear equations, considering some non-idealities. For instance, each inductance of the IBC shown in Fig.2 
From inspection of the circuit, shown in Fig.2 , and taking into account that u k can take the binary values 1 or 0, the following bilinear switching model can be obtained:
being N the number of the IBCs connected in parallel. This model is useful for circuit simulation purposes but not for the controller design, because it involves a number of N binary control inputs k u . For control design purpose, it is more convenient to consider the following averaged model [17] , obtained by averaging the model (3) over one switching
), 2 x is the average value of the A c c e p t e d M a n u s c r i p t
and k µ is the duty cycle, i.e. average value of the binary control input k
Notice that the model (4) is a multi-input multi-output (MIMO) system, which can be difficult to control by using classical linear control theory.
Adaptive control design
With the aim of design an appropriate control for the nonlinear model (4) described in previous section, the control objectives and the control design is proposed in this Section taking into account the nonlinearities and the uncertainty of the load.
Control objectives
In order to define the control strategy, first one has to establish the control objectives, which can be formulated as following:
(i) Output voltage regulation under load uncertainty. This is necessary to maintain the voltage constant in the DC bus, avoiding load damages.
(ii) Equal current sharing between modules. The input current waveforms should be equal in order to avoid overloading one of the modules, especially when supplying heavy loads. Also the currents must be interleaved in order to reduce the current ripple which is undesirable in fuel cells.
(iii) Asymptotic stability of the closed loop system. Global asymptotic stability is required to avoid imposing restrictions on the allowed initial conditions.
Adaptive sliding mode controller (SMC) design
Once the control objectives are defined, as the MIMO system is highly nonlinear, an adaptive sliding mode control is proposed here due to its robustness against uncertainties and parametric estimation capability [28, 30] .
One of the uncertainties is the load resistance R of the model (4), which may be subject to step changes. These load steps occur when the power in the DC bus varies accordingly to the active power of the loads to be supplied. To cope with such a model uncertainty, the controller will be given a more flexible and adaptive capability. More specifically, the controller to be designed should include an on-line estimation of the unknown parameter Page 9 of 26 A c c e p t e d M a n u s c r i p t
The corresponding estimate is denotedθˆ, and the parameter estimation error is
Moreover, the controller may take into account the nonlinearity of the fuel cell characteristic represented by (1).
The control objective is to enforce the output voltage to track a given constant reference signal d V despite the system parameter uncertainties. However, it is well known that the boost converter has a non-minimum phase feature (see e.g. [4, 5, 8, 9] 
This equation shows that the reference current signal Td x depends on the uncertainty, which does not usually appear in the standard adaptive control theory (see e.g. [18] ). The objective here is that the current T i tracks the estimated reference signal Td x , which is defined as
In order to carry out the tracking objective despite the system parameter uncertainties SMC will be used [30] . As already mentioned, the way this technique is applied is not usual because the reference trajectory depends on the estimating of the unknown system parameterθˆ. Keeping in mind the current sharing objective, the following sliding surface is A c c e p t e d M a n u s c r i p t
where
The control objective is to enforce the system state to reach the sliding surface S k = 0. When such a purpose is achieved, the system is said to be in a sliding mode. In that case, we have the so-called invariant condition [30] 
The equivalent control can easily be obtained by using (11), (9), (10), and (4a), as follows
From this equation, we can decompose the general control structure as follows
where > 1 k 0 is a design parameter and
where kN μ is as yet an additional input, and
is the error between the output voltage 2 x and its desired value dk x 2 for the th k module. The desired value dk x 2 will be specified later. In (13) the term 
(the uncertain parameter θ is supposed to be subject to non-periodic step changes). By using (12) , (13) and (14), Equation (18) takes the form
where > 2 k 0 is the second design parameter. Equation (19) clearly shows that the stability of the closed loop system with the state vector ( s , 2 ε ,θ ) is achieved by simply choosing N μ , 
The time derivative of d Iˆ, is obtained by using (10) and (21), yielding
where (13), (12), (14) and (20a), yields the following control law
where the dynamic of dk x 2 is defined, using (4b), (5), (6), (15), and (20b), by the following differential equation:
The resulting closed-loop system is analysed in the following Theorem. , yields: proper and all signals on the right side of (25b) are available. Therefore, the expression (25b)
can be practically implemented to online compute the dk x 2 from available signals.
Simulation results
The controlled system is a three phase interleaved boost converter with the parameters listed in Table 2 . The experimental bench is described in Fig 5 and is simulated by using MATLAB software. In this respect, all power components, including the FC, are simulated using the relevant Matlab/Simulink power toolbox where current derivative limitation in the FC module is taken into account. Then, the capability of the proposed controller to deal with such limitation will be implicitly illustrated through the different simulation tests (e.g. Figs. 6, 7, 8 14).
Adaptive controller performances
The proposed adaptive control design is considered with the following numerical values of design parameters which proved to be suitable: = (which represents the DC bus voltage) and successive load step changes, the resistance can change between 2.5Ω and 5Ω, yielding variation of 50% of the power of the DC bus. As it can be seen, despite the load resistor uncertainty, the controller behavior is satisfactory. Fig. 6(a) shows a tight voltage regulation under step load changes. Fig. 6(b) shows the change of operation point of the fuel cell voltage, showing its high dependence on the current. Fig. 6 (c) depicts the load resistance 50% changes. Fig. 6(d) illustrates the duty cycle variations, including a ripple characteristic of the sliding mode control, also known as chattering [30] . (24), (21) 
b) Controller behavior in presence of discontinuous conduction mode operation
In practice, dc-dc converters may enter into a discontinuous conduction mode operation. This means that, in each switching period, the current may vanishe during a time interval. The point is that such phenomenon is not accounted for in the control model (4) , that is based on in control design. Therefore, it is of interest to check whether the proposed adaptive controller preserves its performances when it faces such converter behavior. To push the converter into discontinuous mode operation, a sudden and drastic change of the load is produced at time instant 0.1s (Fig. 9) . Then, a drastic decrease of the current is produced that makes the converter operates in discontinuous mode during an interval following the sudden load change. This is illustrated making a zoom on the inductor current during the interval [101.6ms 102.4ms] (Fig. 10) . Fig. 9 shows that the proposed controller is able to face discontinuous mode keeping a tight output voltage regulation. Furthermore, Fig.10 shows that the current sharing requirement, in presence of load changes, is also preserved despite the discontinuous mode. Therefore, it is of interest to evaluate the performances of the proposed adaptive controller in presence of this uncertainty. Fig.12 illustrates the closed-loop behavior in presence of V-I characteristic variations. Specifically, a 10% change is produced on the true V-I characteristic with respect to nominal characteristic. Meanwhile, the controller design is only based on the nominal characteristic (see Fig. 11 ). The resulting control performances are illustrated by Fig.   12 which shows that output voltage is still well regulated to its desired value
Furthermore, Fig.13 shows the fair current sharing objective is still met. 
FC-IBC system Duty ratios Presently, the regulators ) ( C 1 s and ) ( C 2 s are tuned using the Sisotool® software integrated in Matlab® (see Fig. 17 ). Accordingly, the regulators ) ( C 1 s and ) ( C 2 s are optimized in order to satisfy some design requirements such as phase margin (PM), gain margin (GM), settling time. Doing so, the following parameter values have been retained K 1 =127.26 ; T 1 =0.00017 ; K 2 =4.979 ; T 2 =0.00037 (29) as they lead to the satisfactory performances, specifically PM=45°, GM=10dB.
The performances of the linear control are illustrated by Fig. 18 and Fig.19 . The simulations show clearly that the linear PI-based control strategy performs well as long as the system operates around its nominal operation point, unlike the nonlinear strategy that maintain a high level of performances in all operation conditions, thanks to its adaptation capability.
The deterioration of the linear control strategy performances (when the system deviates from its nominal operation point) is presently worsened by the presence of the control input limitation.
The presence of both input limitation [7] and an integrator in the controller make the closedloop system suffer from what is commonly called 'windup effect'. This means that the system signals are likely to diverge if a disturbance affects the system. Presently, the disturbance is produced by the modeling error resulting from the load resistance uncertainty. 
Conclusion
The problem of controlling a three phase interleaved boost converter associated with fuel cell generation system has been addressed. The control objective is to regulate well the output voltage and ensure a well balanced current sharing between power modules. The control problem complexity comes from the highly nonlinear nature of the FC-IBC association, on the one hand, and load resistance uncertainty and change, on the other hand. The problem is dealt with using an adaptive sliding mode controller, developed on the basis on the system nonlinear model. The adaptive feature is necessary to cope with load resistance uncertainty and change that, presently, simulate variations of the power absorbed in the DC bus. It is formally proved that the proposed adaptive controller meets its control objectives.
Furthermore, it is checked using simulations that the controller preserves satisfactory performances in presence of discontinuous modes and FC characteristic changes. Finally, the superiority of the adaptive controller over conventional linear controller is also illustrated by simulation. A c c e p t e d M a n u s c r i p t A c c e p t e d M a n u s c r i p t
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